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Using the MIKE spectrograph, mounted on the 6.5m Magellan/Clay telescope at the Las Cam-
panas observatory in Chile, we have obtained high-resolution spectra for 60 F and G dwarf
stars, all likely members of a density enhancement in the local velocity distribution, referred to
as the Hercules stream. Comparing with an existing sample of 102 thin and thick disk stars we
have used space velocities, detailed elemental abundances, and stellar ages to trace the origin
of the Hercules stream. We find that the Hercules stream stars show a wide spread in stellar
ages, metallicities, and element abundances. However, the spreads are not random but separate
the Hercules stream into the abundance and age trends as outlined by either the thin disk or
the thick disk. We hence claim that the major part of the Hercules stream actually are thin
and thick disk stars. These diverse properties of the Hercules stream point toward a dynamical
origin, probably caused by the Galactic bar. However, we can at the moment not entirely rule
out that the Hercules stream could be the remnants of a relatively recent merger event.
1. Introduction
The stellar velocity distribution in the solar neighbourhood is not smooth, but shows
lots of substructure (e.g. Dehnen 1998; Skuljan et al. 1999; Famaey et al. 2005; Helmi et al.
2006; Arifyanto & Fuchs 2006). The most prominent features are the Pleiades-Hyades
super-cluster, the Sirius cluster, and the Hercules stream (also known as the u-anomaly).
Studying nearby G and K giants Famaey et al. (2005) found that the Hercules stream
makes up ∼ 6% of the stars in the solar neighbourhood with stars moving on highly
eccentric orbits. On average these stars have a net drift of ∼ 40 km s−1 directed radially
away from the Galactic center, and just as for the thick disk, their orbital velocities
around the Galaxy lag behind the local standard of rest (LSR) by ∼ 50 km s−1 (see also
Ecuvillon et al. 2006 who found similar properties from nearby F and G dwarf stars).
As several numerical simulations have shown, this excess of stars at (ULSR, VLSR) ≈
(−40, −50) km s−1 can be explained as a signature of the Galactic bar (e.g., Raboud et al.
1998; Dehnen 1999, 2000; Fux 2001). Whether or not it is a chaotic process, where stars
get gravitationally scattered off the inner regions by the bar, or whether they have or-
dered orbits coupled to the outer Lindblad resonance of the bar is, however, uncertain
(Fux 2001). In any case, this explanation means that the stars in the Hercules stream
should originate from the inner disk regions. So, is the Hercules stream a distinct Galac-
tic stellar population with a unique origin and history or is it a mixture of the other
populations? Or could they even be a remnant of an ancient merger event?
To further trace the origin of the Hercules stream we have observed a sample of 60 F
and G dwarf stars. By performing a strictly differential detailed abundance analysis of
the Hercules stream stars relative to stars of the two disk populations previously studied
by us (Bensby et al. 2003, 2005) we minimise uncertainties due to systematic errors in
the analysis.
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Figure 1. a) Toomre diagram. b) Stellar ages versus [Fe/H]. Hercules stream stars are marked
by red (gray in B/W) stars, thin and thick disk stars from Bensby et al. (2003, 2005) by open
and black filled circles, respectively. Error bars are explained in the text.
2. Observations, abundance analysis, and age determinations
High-resolution (R ≈ 65 000), high-quality (S/N & 250) echelle spectra were obtained
for 60 F and G dwarfs by TB in Jan, Apr, and Aug in 2006 with the MIKE spectro-
graph (Bernstein et al. 2003) on the Magellan Clay 6.5m telescope at the Las Campanas
Observatory in Chile. A Toomre diagram for the sample can be seen in Fig. 1a.
For the abundance analysis we have used the Uppsala MARCS stellar model at-
mospheres (Gustafsson et al. 1975; Edvardsson et al. 1993; Asplund et al. 1997). These
models are one-dimensional, plane-parallel, and calculated under the assumption of local
thermodynamic equilibrium (LTE). Their chemical compositions have been scaled with
metallicity relative to the standard solar abundances as given in Asplund et al. (2005),
using enhanced abundances for the α-elements at sub-solar metallicities. To determine
effective temperatures we use excitation equilibrium of Fe i and to estimate the micro-
turbulence parameter we require all Fe i lines to yield the same abundance independent
of line strength. To estimate the surface gravities we utilise that all our stars have ac-
curate Hipparcos parallaxes (ESA 1997). Final abundances were first normalised on a
line-by-line basis with our solar values as reference and then averaged for each element.
Stellar ages were determined from the Yonsei-Yale (Y2) α-enhanced isochrones (Kim et al.
2002; Demarque et al. 2004) in the Teff -MV plane. Lower and upper limits on the ages
were estimated by the error bars arising from an assumed uncertainty of ±70K (see
Bensby et al. 2003) in Teff and the uncertainty in MV due to the error in the parallax.
3. Results and discussion
In Fig. 1b we plot ages versus [Fe/H] together with the thin and thick disk samples
from Bensby et al. (2003, 2005). Below [Fe/H] = 0 it appears that the Hercules stream
divides into two (or maybe three) branches: one that follows the thick disk age trend
(the downward age-metallicity relation for the thick disk was seen in Bensby et al. 2004
and then also verified by Haywood 2006 and Schuster et al. 2006); one that follows the
thin disk age trend; and a few stars (4-5) that tend to have high ages of ∼ 15Gyr in the
interval −0.4 . [Fe/H] . 0. Although tempting, it seems premature to conclude that we
see a thin disk and a thick disk branch in the Hercules stream.
Abundance trends for nine different elements are shown in Fig. 2. Looking at the α-
elements (Mg, Si, Ca, Ti), the first impression is that most stars follow the trends as
outlined by the thick disk stars. At [Fe/H] & −0.1 the thin and thick disk are, however,
too close to distinguish in the α-trends. But, the separation can be extended for a few
T. Bensby et al.: Hercules stream stars and the metal-rich thick disk 3
Figure 2. [X/Fe] vs. [Fe/H] abundance trends, where X is the element indicated in each plot.
Hercules stream stars are marked by red (gray in B/W) circles (gray in B/W). The thin and thick
disk samples from Bensby et al. (2003, 2005) are marked by open and black circles, respectively.
more tenths of a dex by looking at the Ba trend. Even here most Hercules stars follow
the thick disk trend. We note that Al also is a good separator between the two disks; here
we find that the trend for the Hercules stars again accompanies the thick disk stars The
iron-peak element trends are all remarkably tight, but add no more than a consistency
check for the Hercules stream abundance trends.
Even though the Hercules stars do not split up as nicely in the abundance plots as they
did in the age-metallicity plot, they do indeed mainly reproduce the trends as outlined
by the thin and thick disks, in fact, predominantly the thick disk. So what does this
suggest about the origin of stars of the Hercules stream?
Unique population? The Hercules stream stars are certainly unique in the sense
that they form a well defined enhancement in the local velocity distribution. Its age and
abundance spreads, however, tend to support that it is a mixture of populations.
Thin and thick disk mixture? For [Fe/H] & −0.2 there are several stars with thin
disk chemical compositions. The number of stars that follow the trends as outlined by
the thick disk are, however, more numerous. At super-solar metallicities ([Fe/H] > 0)
there is really no way to tell if we are looking at the thin or the thick disk.
If the Hercules stream has a dynamical origin, consisting of stars originating at smaller
galactocentric radii, are we tracing the inner thin disk or the inner thick disk? As no de-
tailed abundance data for the inner disk(s) currently are available one can only speculate.
Either it could be that there is a substantial radial metallicity gradient in the thick disk
(and that is why we see so many metal-rich thick disk stars in the Hercules stream),
or that the chemical properties of the inner thin disk differs considerably from what we
observe in the solar neighbourhood. It is clear, however, that the Hercules stream divides
into the distinct abundance trends of the nearby thin and thick disks.
Bulge stars? This is not likely as recent studies find bulge stars to have large α-
enhancements at solar and super-solar [Fe/H] (Fulbright et al. 2006; Zoccali et al. 2006).
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Recent merger? It cannot be excluded that the stars of the Hercules stream could
originate from a recent merger event between the Milky Way and another system. This
system must then have had properties very similar to the present properties of the Galac-
tic thin and thick disks. Thus, such a hypothetical merging galaxy would have chemi-
cal characteristics that depart considerably from those of local dwarf galaxies (cf, e.g.,
Venn et al. 2004) and would presumably be more similar to a major spiral galaxy.
Conclusion: We conclude that the stars in the Hercules stream seem to be a mixture
of thin and thick disk stars (especially the thick disk), supporting models that suggest
that their kinematics are due to dynamical interactions with the Galactic bar. We note
that these models suggest an inner disk origin for the Hercules stream, and so we will
need to compare our abundances with inner disk data, which we plan to obtain in the
near future.
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